Abstract. Pituitary tumors may secrete hormones that affect pregnancy. Pregnancy also induces pituitary tumor growth; however, how pregnancy increases the growth of pituitary tumors remains unclear. The present study investigated pregnant female mice with subcutaneous pituitary tumors. The time of tumor occurrence and tumor weight were detected in pregnant and control mice. Tumor weights were measured at the end of the experiment. Blood was collected from pregnant and control mice. Brain-derived neurotrophic factor (BDNF) levels in the blood were detected using an ELISA kit. The in vitro effects of BDNF on pituitary tumor AtT-20 cell proliferation and cell cycle were investigated. It was revealed that pregnancy promoted the growth of pituitary tumors. In comparison to non-pregnant mice, the pregnant mice exhibited increased BDNF levels in the blood. In vitro BDNF treatment was able to increase the rate of proliferation of pituitary tumor cells. Additional cell cycle analysis revealed that BDNF was able to alter the cell cycle distribution of pituitary tumor cells. These results indicated that pregnancy was able to increase the BDNF level and promote the growth of pituitary tumor cells by increasing the rate of the cell cycle, leading to increased tumor growth rate in vivo. The present study provides insights into how pregnancy affects the growth of pituitary tumors. Therefore, it may be beneficial to perform pituitary tumor diagnosis or therapy on pregnant patients.
Introduction
Pituitary tumors are primarily adenomas and occur in the pituitary gland (1) . They consist of three categories, according to their biological functions: Benign tumors, invasive tumors and carcinomas (2) . Pituitary carcinomas are the malignant tumor type, occurring in only 0.1-0.2% of pituitary tumor cases (3) . Pituitary carcinomas are only diagnosed when metastasis inside or outside the nervous system is observed (1) . Since the pituitary gland is close to the brain, invasive pituitary adenomas may invade the cranial bone and lead to side effects (4) . They may induce increased intracranial pressure and various types of headache (5, 6) .
Pituitary tumors are divided into secreting and non-secreting tumors, with the majority of tumors being the secreting type (7) . They produce abundant amounts of hormones, and hormone secretion may cause several forms of hyperpituitarism (8) . In pregnant females, excessive hormone secretion may induce maternal or fetal morbidity (9) . Surveillance for tumor growth and hormone levels in the blood of pregnant patients aids the fetus to grow healthily and be successfully delivered (10) .
For these pregnant females with pituitary tumors, pituitary tumors may secrete hormones to affect the health of the mother and fetus; furthermore, pregnancy may also promote tumor growth (11) . Pregnant individuals secrete various types of hormone, including progesterone and human placental lactogen (12) , which may promote tumor growth (13, 14) . Surveillance for tumor size is also essential for tumor growth itself, as pregnancy may promote pituitary tumor progression (11) . However, how pregnancy affects pituitary tumor growth remains unclear. It has been shown that brain-derived neurotrophic factor (BDNF) is detected at an increased level in pregnant females compared with non-pregnant females (15) . BDNF is associated with lung cancer prognosis (16) . However, to the best of our knowledge, it has not yet been reported whether BDNF is involved in the effect that pregnancy exhibits in inducing pituitary tumor cell growth. The present study established pregnant mouse models. The time of tumor occurrence and tumor weight were determined, and the BDNF levels in the pregnant or control mice were measured. In addition, the effect of BDNF on the proliferation of pituitary tumor cells was investigated. How BDNF affects the growth of tumor cells growth was investigated using cell cycle distribution analysis. The results of the present study revealed whether pregnancy promoted pituitary tumor growth in the mouse model, and identified the underlying molecular mechanism of how pregnancy affects pituitary tumor growth. The results of the present study indicate that it may be beneficial to monitor the effect of pregnancy on pituitary tumors and therapy of pituitary tumors.
Materials and methods
Animal experiments. A total of 16 female nude mice at 8 weeks-old were purchased from Shanghai Laboratory Animal Center (Shanghai, China). All the mice are kept in Specific-pathogen-free (SPF) animal facility and fed with sterilized food and water. The average weight of the mice was 30 g. All the mice were randomly separated into 2 groups with 8 mice in each group and numbered with identifiers. Each mouse was subcutaneously injected with 5x10 6 AtT-20 cells. After 7 days, one group of mice was mated with male mice, whereas the other group were raised in the same conditions as the pregnant mice (SPF animal facility and fed with sterilized food and water). The female mice were checked whether with pessaries in the morning to indicate its possibility of pregnancy, and mice with pessaries were selected for subsequent experiments. The pregnancy of the female mice was checked at 14 days post-mating. A total of 17 female mice were used for mating, and 8 pregnant mice were finally used in the pregnant group, and 8 female mice that were unmated were used as control. The occurrence of the tumors was checked every 3 days post-tumor cell injection. The mice were euthanized 28 days after the tumor injection. The tumors were isolated and weighed. The orbital blood of mice was collected at day 14 for ELISA assay. All the animal experiments were approved by the Institutional Animal Board of Shandong Traffic Hospital (Shandong, China) and performed following the US Public Health Service Policy on Humane Care and the Use of Laboratory Animals (17) .
Determination of BDNF levels. The BDNF level in mice serum was detected using the BDNF ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA; cat. no. DBNT00), containing horseradish peroxidase-conjugated detection antibody, and dilution and wash buffers, according to the manufacturer's protocol. The blood samples and standard proteins were prepared prior to the experiment (18) . Assay diluent (100 µl) was added to each well of the 96-well plates, followed by addition of 50 µl blood samples from pregnant mice or non-pregnant mice and incubation at room temperature for 2 h. A total of 100 µl detection antibody diluted in the reagent diluent was added into each well and incubated at room temperature for 1 h. The 100 µl aliquots of the working dilution of Streptavidin-HRP were incubated at room temperature for 20 min following antibody incubation and washed 3 times with wash buffer. Subsequently, substrate solution was added for 30 min at room temperature in the dark, followed by termination with stop solution from the ELISA kit (R&D Systems, Inc.). Absorbance at 450 nm was evaluated and calculated based on the standard curve.
Cell culture. Mouse pituitary tumor AtT-20 cells were purchased from the Cell Bank of Shanghai Institutes for Biological Sciences (Shanghai, China). The cells were maintained in RPMI-1640 medium (Thermo Fisher Scientific, Inc., Waltham, MA) with 10% fetal bovine serum (Thermo Fisher Scientific, Inc.), supplemented with 100 µg/ml streptomycin and 100 U/ml penicillin. The cells were split at a ratio of 1:3 once they reached 90-100% confluence and cultured at 37˚C in a humid atmosphere with 5% CO 2 .
Detection of cell proliferation. The AtT-20 cells were trypsinized and split into 96-well dishes at 3x10 3 cells/well. The cells were treated with 50 ng/ml BDNF. The cells were maintained at 37˚C for 2, 4 and 6 days, respectively. Cell viability was measured at indicated days (2, 4 and 6 days) by the Cell Counting kit-8 assay (CCK-8; Beyotime Institute of Biotechnology, Haimen, China), according to the manufacturer's protocol. CCK-8 reaction reagent (10 µl) was directly added to each well. The cells were incubated for 4 h at 37˚C. The cell viability was measured at 450 nm. The proliferation curve was constructed with the absorbance of cells at day 0 as control.
Cell cycle detection. The AtT-20 cells were split into 6-well dishes at 3x10 5 cells/well. The cells were treated with 50 ng/ml BDNF at 37˚C for 2 days. After 2 days of treatment, the cell cultures were trypsinized into single cell suspensions and fixed with 70% ethanol at 4˚C for 30 min. The cells were centrifuged at 300 x g at room temperature for 5 min and washed with PBS three times. The cells were then incubated with 50 µg/ml RNaseA (Sigma-Aldrich; Merck KGaA) in a water bath at 37˚C for 30 min and stained with 50 µg/ml propidium iodide (Sigma-Aldrich; Merck KGaA) at room temperature in the dark for 30 min. The cells were filtered and subjected to flow cytometry for cell cycle detection. The samples were detected using LSR II (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo software version 8 (Tree Star, Inc., Ashland, OR, USA).
Statistical analysis.
All the data are presented as the mean ± standard deviation (SD) or the mean ± SD. Independent experiments were performed three times. Comparisons between groups were analyzed using Student's t-test and R software version 3.2.2 (https: //www.r-project.org/). P<0.05 was considered to indicate a statistically significant difference between groups.
Results

Pregnancy promotes AtT20 cell tumor growth.
To test whether pregnancy promotes the progression of pituitary tumors, pituitary tumor AtT-20 cells were subcutaneously injected into 8 mice in each group and the mice were mated 7 days later. The pregnancy of mice was verified 14 days after mating and the tumors were collected 28 days post-tumor cell injection (Fig. 1A) . Pregnancy was found to promote tumor growth in nude mice. Tumor occurrence in pregnant mice was earlier compared with the control mice ( Table I ). The tumors grew larger in the pregnant mice compared with mice that were unmated (Fig. 1B) .
BDNF production is increased in pregnant nude mice. To check whether the pregnant mice exhibited an increased level of BDNF, the BDNF level in serum was determined using an ELISA kit. It was identified that pregnant mice exhibited increased levels of BDNF compared with the control mice (Fig. 2) .
BDNF promotes AtT-20 cell growth. To test whether BDNF was able to promote tumor growth, BDNF levels of AtT-20 cells were analyzed in vitro. The AtT-20 cells were treated with or without BDNF, and cell viability was determined at 2, 4 and 6 days following BDNF treatment. BDNF increased the proliferation rate of AtT-20 cells (Fig. 3) .
BDNF alters AtT20 cell cycle distribution. To elucidate how BDNF regulated AtT-20 cell growth, the cell cycle of AtT-20 cells was examined. It was identified that BDNF treatment was able to alter the cell cycle distribution of AtT-20 cells. Decreased G0/G1 phase cells were present in BDNF-treated cells (Fig. 4) . As cells in the G0 phase are quiescent cells (19) , BDNF treatment may promote quiescent AtT-20 cells entering the cell cycle and proliferating. BDNF treatment increases the rate of the cell cycle.
Discussion
Pituitary tumors are primarily benign tumors, and rarely metastasize to other organs (4). Only 0.1-0.2% are classified as carcinomas (1) . Pituitary tumors originate from the pituitary gland (1). The majority of pituitary tumors secrete excessive hormones (11) . The increased level of hormones may have certain side effects on the patients, particularly for pregnant females (11). Not only pituitary tumors secrete hormones; pregnancy may also promote the secretion of an abundance of hormones (13) . Pituitary tumors are hormone-secreting tumors, and they are also affected by the secreted hormones from pregnancy. Pituitary tumors are disordered by pregnancy (20, 21) . However, how pregnancy affects pituitary tumor growth is not well investigated.
BDNF has been reported to be associated with pregnancy (22) . Increased levels of BDNF have been identified in the blood of pregnant females (9) . To identify whether BDNF is the reason that pregnancy promotes pituitary tumor growth, a mouse model was established in the present study. Subcutaneous xenograft was established on the nude female mice with pituitary tumor AtT-20 cells. The female mice were mated with male mice, and the tumor occurrence time, tumor weight and BDNF level in the blood were detected. Increased levels of BDNF were identified in pregnant mice compared with in the control mice (Fig. 2) . Tumors occurred earlier in pregnant mice compared with the control mice (Table I ). In comparison with the control mice, the tumors grew faster in the pregnant mice and larger tumors had developed at the end of the experiment (Fig. 1) . This indicated that BDNF may be associated with promoting pituitary tumor growth. To confirm this hypothesis, the AtT-20 cells were treated with BDNF in vitro and the proliferation rate of the cells was measured. Increased proliferation ability was identified in the BDNF-treated cells (Fig. 3) . As proliferation is markedly associated with cell cycle (23) , to elucidate how BDNF affects the proliferation rate of AtT-20 cells, the cell cycle distribution of BDNF-treated cells and control cells was detected. BDNF altered the cell cycle distribution of AtT-20 cells. A decreased ratio of G0/G1 cells and increased number of S phase cells were identified in the experiments (Fig. 4) . Cells at the G0 phase are in a state of quiescence (19) . BDNF decreased this subpopulation and increased the number of cells in the S phase. This indicated that quiescent cells were driven by BDNF into entering the cell cycle. Following BDNF treatment, more cells were proliferated. This may lead to earlier occurrence of tumors and larger tumors in the mice.
In the present study, BDNF was identified to alter the cell cycle distribution of AtT-20 cells. The number of quiescent cells were decreased by BDNF treatment. Quiescence is associated with cancer stem cells, a subpopulation of cancer cells that are critical for tumor progression (24) (25) (26) . Tumor stem cells were reported primarily at the status of quiescence (27, 28) . Differentiation of tumor stem cells may lead to the loss of quiescent status (29, 30) . The existence of pituitary tumor stem cells is widely accepted (31, 32) . BDNF expression is associated with neuron stem cells (33) . It is possible that BDNF treatment enhances the rate of pituitary tumor stem cell self-renewal, promoting the cells to enter the cell cycle for tumor growth.
The results of the present study demonstrated that pregnancy may promote pituitary tumor growth in the mice model. BDNF serves a critical role in promoting tumor progression by increasing the rate of the cell cycle, leading to growth of the pituitary tumor cells in vitro and in vivo. The results of the present study suggest that monitoring the effect of pregnancy on pituitary tumors may be beneficial for the therapy of pi tuitary tumors.
